INTRODUCTION
============

Elucidating the neural and genetic basis of schizophrenia and other psychiatric disorders remains difficult, in part because psychiatric phenotypes in human patients are largely dependent on subjective clinical evaluation criteria that lack quantifiable biological indicators. The biological heterogeneity of schizophrenia patients has particularly hindered the identification of genetic risk factors ([@bib5]). Thus, the development of animal models with homogenous backgrounds is imperative for investigating genetic contributions to schizophrenia. For the past decade, we have sought to identify rodent models of neuropsychiatric disorders, including schizophrenia, by analyzing genetically engineered mice with a comprehensive behavioral test battery that covers many distinct behavioral domains, from simple sensorimotor functions to cognition-intensive functions like learning and memory ([@bib35]; [@bib42]; [@bib64]). To date, we have screened \>140 mutant mouse strains using the same protocol and identified several strains with behavioral phenotypes that resemble symptoms in human schizophrenia patients ([@bib57]; [@bib64]).

Schnurri-2 (Shn-2; also called major histocompatibility complex (MHC)-binding protein 2 (MBP-2), Hivep2 or Mibp1) was originally identified as a nuclear factor-*κ*B (NF-*κ*B) site-binding protein that tightly binds to the enhancers of MHC genes in the MHC regions of chromosome 6 ([@bib11]). Recent genome-wide association studies identified a number of single-nucleotide polymorphisms (SNPs) in the MHC region associated with schizophrenia ([@bib43]; [@bib49], [@bib50]; [@bib52]; [@bib65]). MHC class I proteins coded in this region have been reported to play a critical role in neural development and plasticity ([@bib48]). Genes in MHC regions often contain NF-*κ*B-binding sequences in their promoter regions. Shn-2 constitutively binds NF-*κ*B-binding site to suppress NF-*κ*B-dependent gene expression ([@bib26]), including tumor necrosis factor (TNF)-*α*, interleukin (IL)-1*β*, IL-6, cyclin D1, prostaglandin-endoperoxidase synthase 2 (PTGS2, also called COX2), NADH/NADPH oxidase p22 phox, and vimentin. To induce an immune response, Shn-2 detaches from the NF-*κ*B-binding site, allowing the transcription of NF-*κ*B target genes ([@bib21], [@bib22]). Accordingly, Shn-2 KO mice demonstrate constitutive NF-*κ*B activation in CD4+ T cells ([@bib22]). Shn-2 expression is also reported in several brain regions including hippocampus, cortex, and cerebellum ([@bib11]). We previously reported that Shn-2 KO mice exhibited hyperactivity ([@bib56]), suggesting the functional significance of Shn-2 in the brain.

As a course of our large-scale screening to identify animal models of psychiatric disorders, Shn-2 KO mice were subjected to a comprehensive behavioral test battery. Shn-2 KO mice displayed behavioral alterations and cognitive impairments resembling those of schizophrenia. We observed significant similarities in transcriptome/proteome changes between Shn-2 KO mouse brain and postmortem brains of human schizophrenia patients. Granule cells of the dentate gyrus (DG) also failed to mature in Shn-2 KO mice, a previously proposed candidate endophenotype of the disease observed in at least one additional mouse model of schizophrenia and its related phenotypes ([@bib64]). Finally, Shn-2 KO mice demonstrated mild, widespread brain inflammation characterized by the upregulation of NF-*κ*B-responsive genes and activation of astrocytes. Our results demonstrate that Shn-2 KO mice serve as an animal model of schizophrenia with good face and concept validity. The present study also suggests that immune system changes induced by genetic factors may contribute to the pathophysiology of schizophrenia.

MATERIALS AND METHODS
=====================

A detailed description of the Materials and Methods is provided in the Supplementary Text.

Animals and Experimental Design
-------------------------------

Shn-2 KO mice and wild-type control littermates were obtained by breeding heterozygotes with a C57BL/6J background and those with a BALB/cA background. All behavioral tests were carried out with mice that were at least 9 weeks old at the start of testing. Raw data from the behavioral tests, the date on which each experiment was performed, and the age of the mice at the time of the experiment are shown in the mouse phenotype database (<http://www.mouse-phenotype.org/>). Mice were group-housed (2--4 mice per cage) in a room with a 12-h light/dark cycle (lights on at 0700 hours) with access to food and water *ad libitum*. The room temperature was kept at 23±2 °C. Behavioral testing was performed between 0900 and 1800 hours. After the tests, all apparatus were cleaned with diluted sodium hypochlorite solution to prevent bias due to olfactory cues. Eighteen independent groups of mice were prepared for behavioral tests. The number of animals used for each of the tests is shown in the corresponding figures and tables. All behavioral tests were separated from each other by at least 1 day. All behavioral testing procedures were approved by the Animal Research Committee, Graduate School of Medicine, Kyoto University, Fujita Health University and National Institute for Physiological Sciences.

Gene Expression Analysis
------------------------

RNA was isolated by using the TRIzol method (Invitrogen, Carlsbad, CA) from mouse brains, followed by purification, using RNeasy columns (Qiagen, Valencia, CA). GeneChip analyses were conducted as previously described ([@bib64]). cDNA was synthesized from the total RNA, and *in vitro* transcription reaction was then performed on biotin-labeled RNA that was made from the cDNA. Labeled RNA was hybridized with Mouse Genome 430 2.0 Array (Affymetrix, Santa Clara, CA) containing 45101 probe sets, and washed according to the manufacturer\'s recommendations. The hybridized probe array was then stained with streptavidin-conjugated phycoerythrin, and each GeneChip was scanned by an Affymetrix GeneChip Scanner 3000 (GCS3000).

Public microarray data sets were queried using NextBio, a database of microarray results (accessed on 14 May 2011). NextBio is a repository of analyzed microarray data sets that allows the investigator to search results and the expression profiles of publicly available microarray data sets. Gene overlaps were examined using Running Fisher test.

Immunohistochemistry
--------------------

Mice were deeply anesthetized with chloral hydrate (245 mg/kg, i.p.) and transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The brains were dissected, immersed overnight in the same fixative, and transferred to 30% sucrose in PBS for at least 3 days for cryoprotection. The brain samples were mounted in Tissue-Tek (Miles, Elkhart, IN), frozen, and cut into 50-μm-thick coronal sections using a microtome (CM1850, Leica Microsystems, Wetzlar, Germany). The sections were washed with Tris-buffered saline containing Tween 20 (pH 7.4). For immunostaining, the cryostat sections were incubated at 4 °C for 18 h with the following primary antibodies: calbindin (mouse monoclonal antibody 300 and rabbit polyclonal antibody D-28k; Swant, Bellinzona, Switzerland), calretinin (mouse monoclonal antibody 6B3 and rabbit polyclonal antibody 7699/4; Swant), GAD67 (MAB5406; Millipore, Temecula, CA), mouse anti-CNPase monoclonal (C5922; Sigma-Aldrich, St Louis, MO), GFAP (G9269; Sigma-Aldrich), p22 phox (sc-20781; Santa Cruz Biotechnology, San Diego, CA), goat polyclonal antibody for parvalbumin (PVG-214; Swant). To detect antigen localization, the sections were incubated at 4 °C for 2 h with Alexa Fluor (488 or 594)-conjugated goat anti-mouse IgM or IgG antibody (1 : 400 dilution; Invitrogen) and/or Alexa Fluor (488 or 594)-conjugated goat anti-rabbit IgG antibody (1 : 400 dilution; Invitrogen). Fluorescent signals were detected using a confocal laser-scanning microscope (LSM 700, Zeiss, Oberkochen, Germany) or a fluorescence microscope (Axioplan-2, Zeiss).

Two-Dimensional Fluorescence Difference Gel Electrophoresis (2D-DIGE)
---------------------------------------------------------------------

The DG was dissected out ([@bib15]), frozen with liquid nitrogen, and stored at −80 °C until use. Twenty micrograms of each protein were dissolved in 30 mM Tris, pH 8.5 containing 2 M thiourea, 7 M urea, and 4% w/v CHAPS and minimally labeled with CyDye DIGE fluors according to the manufacturer\'s instructions (GE Healthcare, Little Chalfont, UK). In brief, the dyes were added to the protein extract (8 pmol/μg protein). Internal pools were generated by combining equal amounts of all samples and labeled with Cy2. After vortexing, centrifugation, and incubation (30 min in the dark at 4 °C), 10 mM ℒ-lysine (Sigma-Aldrich) was added to stop the reaction (10 min in the dark at 4 °C). Equal amounts of Cy2-, Cy3-, and Cy5-labeled protein samples were mixed, and rehydration buffer (GE Healthcare) was added to a final volume of 125 μl. Isoelectric focusing was performed using Immobiline DryStrip (pH 3--10, 7 cm, GE Healthcare) and an Ettan IPGphorIII (GE Healthcare) at 300 V for 200 V·h, 1 kV for 300 V·h, and 5 kV for 6 kV·h. After the reduction and alkylation of disulfide bonds with 10 mg/ml DTT and 25 mg/ml iodoacetamide, respectively, the second-dimension separation was run on NuPAGE gels (Invitrogen). The gels were scanned on a Typhoon 9400 imager (GE Healthcare). Excitation and emission wavelengths were chosen specifically for each dye according to the manufacturer\'s recommendations. Intra-gel spot detection and intra-gel matching were performed using DeCyder software (GE Healthcare). Differentially expressed protein spots were determined by pairwise comparison of the mutants with the respective control data using Student\'s *t*-test.

Protein Identification by Mass Spectrometry
-------------------------------------------

In-gel trypsin digestion and mass spectrometry (MS) analysis were carried out essentially according to the method described previously ([@bib27]). SyproRuby (Invitrogen)-stained 2D gels were used. Protein spots on the gel were excised, washed, dehydrated, added to 20 μg/μl trypsin (Promega, Fitchburg, WI) solution, and digested overnight at 37 °C. Peptide segments were extracted sequentially in 0.1% trifluoroacetic acid (TFA)/60% acetonitrile (ACN), 0.1% TFA/80% ACN, and 0.1% TFA/100% ACN. The supernatant was concentrated by centrifugal evaporator and added to 0.1% TFA/2% ACN.

The obtained peptides were separated using a nano-flow multidimensional HPLC system (Paradigm MS4; Michrom Bio Resources, Auburn, CA) and analyzed by electrospray ionization ion trap MS (LCQDECAXP; Thermo Fisher Scientific, Waltham, MA) under optimum conditions ([@bib27]). MS/MS spectra were acquired in a data-dependent mode. The resulting spectra were analyzed, and the peptide sequences were searched against a protein database (MSDB) using MASCOT software (Matrix Science, London, UK).

Image Analysis
--------------

The applications used for the behavioral studies (Image RM, Image TM, Image CSI, and Image SI) were based on the public domain NIH Image program (developed at the US National Institutes of Health and available at <http://rsb.info.nih.gov/nih-image/>) and ImageJ program (<http://rsb.info.nih.gov/ij/>), which were modified for each test (available through O\'Hara & Co., Tokyo, Japan).

Statistical Analysis
--------------------

Statistical analysis was conducted using StatView (SAS Institute, Cary, NC). Data were analyzed by one-way ANOVA, two-way ANOVA, or two-way repeated-measures ANOVA, unless noted otherwise. Values in tables and graphs are expressed as the mean±s.e.m.

RESULTS
=======

Shn-2 KO Mice Display Behavioral Abnormalities Reminiscent of Schizophrenia
---------------------------------------------------------------------------

Hyperactivity is one of the most common phenotypes in animal models of schizophrenia or bipolar disorder. Since Shn-2 KO mice were reported to show hyperactivity during open field testing ([@bib56]), we subjected them to a comprehensive behavioral test battery ([@bib64]) to further analyze the behavioral effects of Shn-2 deficiency. Shn-2 KO mice showed no obvious deficits in general health, physical characteristics, or basic sensorimotor functions compared with their wild-type littermates, apart from decreased sensitivity to pain in the hot plate test and a lower body weight ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}; [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Shn-2 KO mice displayed severe working memory deficits in the eight-arm radial maze ([Figure 1a and b](#fig1){ref-type="fig"}) and T-maze forced-alternation task ([Figure 1c and d](#fig1){ref-type="fig"}), while their performance in the T-maze left--right discrimination task was normal ([Figure 1e](#fig1){ref-type="fig"}). In reversal learning, mutants performed even better than controls ([Figure 1e](#fig1){ref-type="fig"}). This working memory impairment is commonly found in schizophrenia patients and is referred to as a cognitive endophenotype of schizophrenia ([@bib19]). Shn-2 KO mice also showed a series of other schizophrenia-related abnormal behaviors: Prepulse inhibition (PPI), the phenomenon by which a weak prestimulus suppresses the response to a startling stimulus, is often decreased in schizophrenic patients compared with healthy controls ([@bib55]). In Shn-2 KO mice, while the amplitude of the acoustic startle response was comparable with that of wild-type controls ([Figure 1f](#fig1){ref-type="fig"}; [Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}), the PPI of the acoustic startle response was markedly reduced ([Figure 1g](#fig1){ref-type="fig"}). High-dose administration of haloperidol, a typical antipsychotic, significantly improved this impairment in PPI in Shn-2 KO mice ([Figure 1g](#fig1){ref-type="fig"}).

Social withdrawal is a core symptom in schizophrenia according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV). Mutant mice showed impaired sociability and novelty preference in Crawley\'s sociability and social novelty preference test ([Figure 1h and i](#fig1){ref-type="fig"}). Mutant mice also displayed decreased social interaction in the conventional social interaction test in a novel environment ([Figure 1j](#fig1){ref-type="fig"}; [Supplementary Figure 2g and h](#sup1){ref-type="supplementary-material"}). Consistent with a previous report ([@bib56]), Shn-2 KO mice displayed hyperactivity in the open field test ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}) and in their home cages ([Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}). Prior treatment with the antipsychotic haloperidol (0.3 mg/kg) or clozapine (1.0 mg/kg) decreased hyperactivity in Shn-2 KO mice to that of saline-treated control mice ([Figure 1k and l](#fig1){ref-type="fig"}). MK801, an NMDA antagonist that causes schizophrenia-like psychosis in humans, produced significantly higher levels of drug-stimulated motor activation in Shn-2 KO mice ([Supplementary Figure 2j and k](#sup1){ref-type="supplementary-material"}). The social activity of nest building in rodents is disrupted by the administration of psychomimetic agents ([@bib47]). Nestlet shredding and nest building was severely impaired in Shn-2 KO mice ([Figure 1m and n](#fig1){ref-type="fig"}); Nestlets were left intact by ∼80% of mutant mice, while all wild-type mice built nests within 24 h. Depression-like behavior of Shn-2 KO mice was increased in sucrose preference test (Figure 8n). In the Porsolt forced swim test, a reduction of immobility was observed in Shn-2 KO mice ([Supplementary Figure 2f](#sup1){ref-type="supplementary-material"}), possibly due to hyperactivity.

The improvement in PPI observed after haloperidol administration suggests that dopaminergic receptor signaling is altered in Shn-2 KO mice; therefore, we performed dopamine receptor binding assays to examine this. Because Shn-2 KO mice showed significantly reduced expression of D1 dopamine receptors in the DG ([Supplementary Figure 3a](#sup1){ref-type="supplementary-material"}), we examined the effects of D1 receptor activation on the phosphorylation status of the AMPA receptor, GluA1, at Ser845 (the PKA site) and extracellular signal-regulated kinase 2 (ERK2) at Thr202/Tyr204. The increases in GluA1 and ERK2 phosphorylation induced by SKF81297, a D1 receptor agonist, were greater in Shn-2 KO mice than in control mice ([Supplementary Figure 3d--g](#sup1){ref-type="supplementary-material"}). Normalization of phosphorylated GluA1 against total GluA1, which is decreased in Shn-2 KO mice ([Supplementary Figure 3f](#sup1){ref-type="supplementary-material"}, right), made these differences even greater ([Supplementary Figure 3f](#sup1){ref-type="supplementary-material"}, center). The increased levels of ERK2 phosphorylation observed in Shn-2 KO mice resulted from increased expression of ERK2 ([Supplementary Figure 3g](#sup1){ref-type="supplementary-material"}).

Shn-2 KO Mice Share Gene Expression Alterations with Postmortem Schizophrenia Brain
-----------------------------------------------------------------------------------

The medial prefrontal cortex (mPFC) ([@bib14]) and DG ([@bib13]) have been suggested to play key roles in working memory, which is severely impaired in Shn-2 KO mice. Therefore, gene chip analysis was conducted to assess gene expression in the mPFC of Shn-2 KO mice. Significant up- or downregulation of 856 genes (980 probes) was observed in the mutants (*P*-value \<0.05, fold-change \<−1.2 or \>1.2). We then compared the gene expression pattern in Shn-2 KO mice with those in patients with mental disorders from publicly available array data using the NextBio search engine. The highest degree of gene expression overlap was detected in postmortem schizophrenic and control tissue from the frontopolar part of the frontal cortex, Brodmann area 10 (BA10) (previously reported by [@bib32]; [Figure 2a](#fig2){ref-type="fig"}, *P*=9.5 × 10^−14^), with 100 genes altered in both Shn-2 KO mice and schizophrenia patients. Seventy-six genes out of those genes showed the same directional change in expression ([Figure 2b--d](#fig2){ref-type="fig"}) and, of these genes, 42 genes were downregulated (*P*=3.6 × 10^−16^) and 34 were upregulated (*P*=6.1 × 10^−13^). It is noteworthy that *HIVEP2* (*SHN2*) was significantly decreased in the schizophrenic BA10 (FC=−1.29, *P*=0.0009) ([@bib32]). Within these groups, we noted a large number of genes previously implicated in schizophrenia or bipolar disorder ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Eighty-nine of 100 genes showing significant similarities in terms of expression have been identified as being related to these disorders ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Interestingly, six of the top 10 ranked genes were involved in inflammatory or immune responses.

Molecular Alterations in the Hippocampus of Shn-2 KO Mice
---------------------------------------------------------

The granule cells of the hippocampal DG are compromised in schizophrenia ([@bib1]; [@bib60]). Because the DG is involved in spatial working memory ([@bib13]; [@bib61]), deficits of which are cardinal features of schizophrenia, we analyzed the DG transcriptome of Shn-2 KO mice. Under the same criteria used for mPFC analysis, the expression of 1497 probes (1220 genes) was significantly up- or downregulated in the mutants ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}). We also compared the DG transcriptome of Shn-2 KO mice to a study of laser-captured DG from human schizophrenia patients ([@bib1]). *Calb1* (Shn-2 KO, FC=−5.36, *P*=0.001; Schizo, FC=−1.82, *P*=0.001), a marker of mature granule neurons, and *Rab33a* (Shn-2 KO, FC=−1.25, *P*=0.0023; Schizo, FC=−1.96, *P*=0.0001), a Ras-associated small GTPase, were both downregulated in the DG of Shn-2 KO mice and human schizophrenia patients.

We further analyzed the DG proteome in Shn-2 KO mice using two-dimensional difference gel electrophoresis (2D-DIGE) and found 116 proteins differentially expressed between mutant and control mice ([Supplementary Table 5](#sup1){ref-type="supplementary-material"}). When sorted by functional category, proteins in the same category were differentially expressed in both schizophrenia and Shn-2 KO mice. [Supplementary Table 6](#sup1){ref-type="supplementary-material"} lists the genes and proteins with altered expression in both schizophrenic DG and Shn-2 KO brains ([@bib1]) (including the DG ([Supplementary Tables 4 and 5](#sup1){ref-type="supplementary-material"}) and whole hippocampus ([Supplementary Table 5](#sup1){ref-type="supplementary-material"})). Notably, the expression of aldo-keto reductase genes (particularly *AKR1A1* and *AKR1B1* and their mouse equivalents) was reduced in human patients and Shn-2 KO mice. Cytochrome-related genes *UQCRFS1* and *CYC1* were reduced in the DG of schizophrenia and the hippocampus of Shn-2 KO mice, as were genes encoding glucose phosphate isomerase, NADH dehydrogenase, phosphoglycerate-related molecules, proteasome, ubiquitin-related molecules, and syntaxins ([@bib1]).

Immunohistochemistry of Shn-2 KO brains revealed several features observed in the postmortem brains of schizophrenia patients ([@bib4]; [@bib9]; [@bib44]). Parvalbumin-positive neuronal number was decreased in the mPFC ([Figure 3a and b](#fig3){ref-type="fig"}) and hippocampal CA1 region ([Figure 3c and d](#fig3){ref-type="fig"}). The expression of glutamic acid decarboxylase 67 (GAD67) was lower in the mutant hippocampus ([Figure 3e and f](#fig3){ref-type="fig"}). The expression of 2′,3-cyclic nucleotide 3′-phosphodiesterase (CNPase), a marker for mature oligodendrocytes, was also reduced ([Figure 3g and h](#fig3){ref-type="fig"}) and cell-packing density was higher in the DG of Shn-2 KO mice ([Figure 3i and j](#fig3){ref-type="fig"}).

Arc Induction Is Reduced in the Brains of Shn-2 KO Mice
-------------------------------------------------------

Induction of the immediately early gene protein products has been used to assess neural activation. We crossed Shn-2 KO with transgenic mice expressing destabilized Venus (dVenus) under the control of the activity-regulated cytoskeletal-associated protein (Arc) promoter ([@bib8]), allowing fluorescence-based visualization of Arc expression. We compared Arc-dVenus expression between Shn-2 KO and wild-type mice with the Arc-dVenus-positive background. To maximize Arc induction in the DG physiologically, mice received electrical shocks in a novel environment. Expression of Arc-dVenus in the DG 5 h after stimulation was dramatically reduced throughout the entire brain of Shn-2 KO mice ([Figure 4](#fig4){ref-type="fig"}), including amygdala ([Figure 4a and d](#fig4){ref-type="fig"}), sensory cortex ([Figure 4b and d](#fig4){ref-type="fig"}), motor cortex ([Figure 4d](#fig4){ref-type="fig"}), and PFC ([Figure 4d](#fig4){ref-type="fig"}). In the hippocampus of Shn-2 KO mice, dVenus expression was almost completely abolished in the DG ([Figure 4c and d](#fig4){ref-type="fig"}), with only minimal changes in CA regions. Reduced induction of Arc-dVenus was also observed 5 h after exposure to a novel environment without electrical shocks ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}).

Schizophrenia-Related Cortical Abnormalities in Shn-2 KO Mice
-------------------------------------------------------------

Shn-2 mutant mice display significantly thinner cortex and reduced cell density in the prelimbic and primary visual cortices (PrL and V1, respectively) when compared with wild-type mice ([Figure 5a--c](#fig5){ref-type="fig"}), which is consistent with observations in human patients ([@bib41]). Although the mutants demonstrated a reduction in cortical thickness, increased apoptosis was not appreciated in the brains of Shn-2 KO mice ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). No obvious hallmarks of neurodegeneration, such as cell swelling, protein deposition, or nuclear condensation, were not found by electron microscopic analysis in the mutants ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). The size of the whole brain, cerebrum, and cerebellum was not significantly different between genotypes ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). Previous studies report increased low-frequency ([@bib36]; [@bib51]) and decreased high-frequency ([@bib12]; [@bib36]) energy in EEG studies of schizophrenia patients. We measured cortical EEG in freely moving mice using Neurologger spectral analysis technology ([Figure 5e](#fig5){ref-type="fig"}) and observed a significant increase of power in the theta band and decrease in the gamma band of Shn-2 KO mice compared with that in the controls ([Figure 5d](#fig5){ref-type="fig"}).

DG Maturation Deficits in Adult Shn-2 KO Mice
---------------------------------------------

The behavioral abnormalities shown by Shn-2 KO mice resembled those observed in *α*-CaMKII^+/−^ mice, which also show locomotor hyperactivity and severe working memory deficits ([@bib64]). To identify further similarities, we compared the hippocampal transcriptome patterns of both mouse models. Shn-2 KO mice and *α*-CaMKII^+/−^ mice showed strikingly similar expression patterns ([Figure 6a](#fig6){ref-type="fig"}), with over 100 genes similarly altered. Moreover, the fold changes in differentially expressed genes were quite similar between strains ([Figure 6a and b](#fig6){ref-type="fig"}), indicating shared molecular pathophysiology between these mutants. In the hippocampus of *α*-CaMKII^+/−^ mice, dentate granule cells fail to mature, characterized by increased expression of the immature-neuronal marker calretinin and decreased expression of the mature granule cell marker calbindin in the DG. Calbindin expression within the Shn-2 KO hippocampus is also dramatically decreased ([Figure 6b and c](#fig6){ref-type="fig"}) and was almost completely abolished in the DG ([Figure 6c](#fig6){ref-type="fig"}). As observed in *α*-CaMKII^+/−^ mice, the number of cells positive for calretinin ([Figure 6d](#fig6){ref-type="fig"}) and PSA-NCAM (a late-progenitor and immature-neuron marker, [Supplementary Figure 8](#sup1){ref-type="supplementary-material"}) was increased dramatically in the Shn-2 KO DG. Collectively, these findings suggest that the number of immature neurons increases and that of mature neurons decreases, within the hippocampi of the two mutant mouse strains, that exhibited behavioral abnormalities related to schizophrenia.

Whole-cell recordings were made from granule cells in the DG. The cell membrane capacitance of Shn-2 KO mice decreased compared with that in controls ([Figure 6e](#fig6){ref-type="fig"}), indicating a smaller cell surface area. Granule cells in the DG of Shn-2 KO mice had a normal resting membrane potential (data not shown) and high input resistance ([Figure 6f](#fig6){ref-type="fig"}). In response to the current injection, Shn-2 KO cells demonstrated a lower current threshold for firing ([Figure 6g](#fig6){ref-type="fig"}), a short latency to the first spike ([Figure 6h](#fig6){ref-type="fig"}), and a decreased number of spikes during sustained depolarization ([Figure 6i](#fig6){ref-type="fig"}). Consistent with their immunohistological profile, granule cells in the mutant DG showed somatic electrophysiological features similar to those of immature granule cells ([@bib46]; [@bib64]).

We also examined synaptic transmission at the granule cell output, the mossy fiber (MF) synapse. The ratio of peak MF excitatory postsynaptic potential (EPSP) amplitude to fiber volley amplitude was increased in the mutant ([Figure 6j](#fig6){ref-type="fig"}), indicating significant augmentation of basal synaptic transmission. Strong frequency facilitation, an index of mature presynaptic function at the MF synapse ([@bib24]; [@bib64]), was greatly decreased in mutant mice ([Figure 6k](#fig6){ref-type="fig"}).

Evidence of CNS Inflammation within Shn-2 KO Mice
-------------------------------------------------

To characterize the molecular events happening in the Shn-2 KO mouse brain, correlation between Shn-2 KO gene expression data and thousands of publicly available array data sets were computed using the NextBio search engine using a rank-based algorithm ([@bib54]). The top 300 biosets with the highest correlation scores with Shn-2 KO mice are categorized in [Supplementary Table 7](#sup1){ref-type="supplementary-material"}. Seven of the top 10 correlating biosets were categorized as 'aging.\' Among the top 300 correlating biosets, 59 were categorized as aging, 18 as infection, 13 as injury, 12 as tumor, and 11 as neurodegeneration. Conspicuously, almost all biosets exhibiting gene expression changes similar to those in the brains of Shn-2 KO mice were related to inflammatory or immune responses. Similar gene perturbation patterns were found in the case of LPS treatment ([Figure 7a](#fig7){ref-type="fig"}, *P*=5.6 × 10^−9^), injury ([Figure 7b](#fig7){ref-type="fig"}, *P*=5.7 × 10^−24^), prion infection ([Figure 7c](#fig7){ref-type="fig"}, *P*=1.0 × 10^−18^) and aging ([Figure 7d](#fig7){ref-type="fig"}, *P*=1.4 × 10^−26^).

These results were particularly compelling, considering that Shn-2 is an endogenous inhibitor of NF-*κ*B and that NF-*κ*B is activated in Shn-2-deficient cells ([@bib21]). The expression of NF-*κ*B-dependent genes such as *Ccnd1* (FC=2.33, *P*=0.0004), *Hmox1* (FC=1.69, *P*=0.0215), *Pdyn* (FC=1.66, *P*=0.0364), *Ptgs2* (also known as *Cox2*, FC=1.625, *P*=0.0161), *Traf1* (FC=1.418, *P*=0.0148), and *Vim* (FC=1.87, *P*=0.0057) was increased in the hippocampus of Shn-2 KO mice. Notably, genes related to the inflammatory/immune response such as *Serpina3n*, *C1qa*, *C1qb*, *C1qc*, *Cyba*, *H2-Ab1*, *Tgfbr1*, *Cebpb*, *Ctsc*, *Lyn*, and *Tgfb1* were upregulated in the mPFC of Shn-2 KO mice and in postmortem brains of schizophrenia patients ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). We compared the gene expression patterns across various human brain disorders with that of Shn-2 KO mice ([Supplementary Table 8](#sup1){ref-type="supplementary-material"}). The biosets derived from schizophrenia patient groups showed the highest similarity to the bioset derived from Shn-2 KO mice (*P*=9.50 × 10^−14^), although the biosets derived from neurodegenerative disorders such as Alzheimer\'s disease and Parkinson\'s disease also showed significant similarities in expression to the biosets derived from Shn-2 KO mice. However, in spite of the similarities with neurodegenerative disorders, no obvious apoptosis or neurodegeneration was appreciated in the brains of Shn-2 KO mice ([Supplementary Figures 5 and 6](#sup1){ref-type="supplementary-material"}).

Next, immunohistochemistry was performed to detect molecular-level regulation by NF-*κ*B. The expression of p22 phox NADPH oxidase, which causes inflammation via the release of reactive oxygen species ([@bib30]), was increased in the DG and CA1 of Shn-2 KO mice ([Figure 7e and f](#fig7){ref-type="fig"}). Vimentin, an NF-*κ*B-regulated ([@bib26]) intermediate filament protein found in immature astrocytes, was similarly increased ([Figure 7g and h](#fig7){ref-type="fig"}), as was glial fibrillary acidic protein (GFAP; [Figure 7i and j](#fig7){ref-type="fig"}). Although the area of GFAP-positive cells increased ([Figure 7j](#fig7){ref-type="fig"}), the number of GFAP-positive cells that was counted by staining with Hoechst was unchanged ([Figure 7k and l](#fig7){ref-type="fig"}). While astrocytes were activated in Shn-2 KO mice, microglias were not, as indicated by unaltered expression of the microglia marker, Iba1 ([Supplementary Figure 10](#sup1){ref-type="supplementary-material"}).

To assess whether inflammation plays any role in the behavioral abnormalities shown by Shn-2 KO mice, we treated them with anti-inflammatory drugs (chronic administration of 4 mg/kg rolipram and fed chow containing 400 ppm ibuprofen) for 3 weeks. Treatment with anti-inflammatories reduced the number of activated astrocytes, which reflect inflammation within the hippocampi of the Shn-2 KO mice ([Figure 8a and b](#fig8){ref-type="fig"}), but did not affect the number of activated astrocytes in the PFC ([Figure 8c](#fig8){ref-type="fig"}). The decrease in parvalbumin (in the CA1 and PFC; [Figure 8d and e](#fig8){ref-type="fig"}), calbindin (in the DG; [Figure 8h](#fig8){ref-type="fig"}), and GAD67 (in the DG; [Figure 8i](#fig8){ref-type="fig"}) expression observed in the mutant mice was not rescued by treatment with anti-inflammatory drugs. Interestingly, the increase in the expression of doublecortin and calretinin in the DG of Shn-2 KO mice was reversed by treatment with anti-inflammatory drugs ([Figure 8f and g](#fig8){ref-type="fig"}). Moreover, working memory, as measured by the T-maze test and nest-building behavior were significantly improved in Shn-2 KO mice ([Figure 8j and k](#fig8){ref-type="fig"}). On the other hand, the increased locomotor activity observed in the open field test, the impaired PPI observed during the startle response, and the anhedonia in the sucrose preference test did not improve ([Figure 8l--n](#fig8){ref-type="fig"}). These results indicate that mild chronic inflammation occurring in the adult brain contributes to at least some of the behavioral deficits and cellular/molecular phenotypes seen in Shn-2 KO mice.

DISCUSSION
==========

In the course of large-scale behavioral screening for mouse models of neuropsychiatric disorders, we discovered that Shn-2 KO mice display a series of schizophrenia-related behavioral abnormalities including severe working memory deficits, decreased social interaction, impaired nest-building behavior, and impaired PPI. We also identified conserved genetic and molecular phenotypes shared by both Shn-2 KO mice and postmortem brains of schizophrenia patients. Transcriptome patterns in the mPFC of Shn-2 KO mice and the PFC of schizophrenia patients are strikingly similar. Additionally, Shn-2 KO mice possessed an immature DG (iDG) phenotype that has also been identified in *α*-CaMKII^+/−^ mice, which display behavioral abnormalities similar to those observed in Shn-2 KO mice ([@bib64]). [Supplementary Table 11](#sup1){ref-type="supplementary-material"} summarizes the phenotypes of the Shn-2 KO mice and the abnormalities associated with schizophrenia. Since the disorder is composed of a heterogeneous population, even an 'ideal\' animal model of schizophrenia, if any, will not necessarily exhibit the abnormalities observed in all schizophrenia-relevant phenotypes ([@bib42]). However, Shn-2 KO mice exhibit an unusually high number of similarities compared with other existing animal models of schizophrenia.

Of the top 20 biogroups whose genes that showed significant overlap with those whose expression was changed in postmortem schizophrenia brains ([@bib32]), 14 were involved in immune responses. Most of the genes within these biogroups were upregulated ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}), suggesting that inflammation or immune activation occurs in the brains of both schizophrenic patients and Shn-2 KO mice. The overall hippocampal transcriptome pattern of Shn-2 KO mice exhibited similarities to patterns identified in a number of inflammatory conditions, including aging, injury, prion infection, and adjuvant treatment ([Supplementary Table 7](#sup1){ref-type="supplementary-material"}), in which NF-*κ*B signaling is activated. We found significant increases in the expression level of many complement genes and MHC/HLA genes in Shn-2 KO mice ([Supplementary Table 9](#sup1){ref-type="supplementary-material"}). Notably, C1qa, C1qb, C1qc, H2-Aa (HLA-DQA1), and H2-Ab1 (HLA-DQB1) were upregulated in the brains of both Shn-2 KO mice and patients with schizophrenia. C1q is proposed to act as a spreading 'punishment signals\' that bind to weaker synapses resulting in their physical removal ([@bib10]). In this regard, it is of interest to note that the expression of the genes related to 'synaptic transmission,\' the dysregulation of which is also thought to be involved in schizophrenia ([@bib34]; [@bib53]), tended to be downregulated in the brains of both Shn-2 KO mice and schizophrenic patients ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Upregulation of C1q genes could be a potential interface between inflammation and synaptic dysfunctions. Interestingly, the levels of majority of pro-inflammatory cytokines, including those that play a role in acute inflammation (eg, IL-1 and TNF-*α*), were unchanged in the brains of Shn-2 KO mice and schizophrenic patients ([Supplementary Table 9](#sup1){ref-type="supplementary-material"}). These data indicate the atypical nature of inflammation happening in the brains of Shn-2 KO mice and, potentially, in those of schizophrenic patients. The precise manner in which these genes are altered is likely to be complex and remains to be determined. A number of SNPs in the MHC region associated with schizophrenia ([@bib43]; [@bib49], [@bib50]; [@bib52]; [@bib65]). [Supplementary Table 10](#sup1){ref-type="supplementary-material"} lists the SNPs located in, or close to, NF-*κ*B-binding sites that may be associated with susceptibility to schizophrenia. Some of the genes surrounding these SNPs are dysregulated in the postmortem brains of schizophrenic patients and/or the PFC of Shn-2 KO mice. Abnormal transcription of these genes may be induced by dysregulated NF-*κ*B signaling pathways, without any deficiency or mutation in Shn-2 itself.

Astrocytes were activated in the hippocampus of Shn-2 KO mice, while microglias were largely inactive. In humans, type-I and type-II immune responses are defined by the respective cytokines activated. The type-I response mainly promotes cell-mediated immune responses against intracellular pathogens with the activation of Th1 CD4+ cells and microglias ([@bib37]). The type-II immune response is largely directed against extracellular pathogens in which Th2 CD4+ cells and astrocytes are activated ([@bib37]). This atypical pattern of inflammation is also observed in schizophrenia patients, who demonstrate attenuated type-I immune responses and activated type-II immune responses ([@bib37]). This so-called 'Th2 slant\' can be observed in the CNS, with astrocytes reflecting the type-2 immune response and microglias reflecting the type-1 immune response ([@bib37]), in schizophrenia patients as well as Shn-2 KO mice ([@bib22]). Accordingly, the astrocyte activation observed in Shn-2 KO and schizophrenia may result from type-2 immune activation. Microglial activation is also reported in schizophrenia, but only within a small percentage of postmortem brains, possibly as a side effect of medication ([@bib2]; [@bib37]). Pharmacological experiments indicate that deficits in working memory and nest-building behavior could be rescued by treatment with anti-inflammatory drugs, which also reduced GFAP expression, a widely used inflammation marker, in the brains of Shn-2 KO mice. These results suggest that mild chronic inflammation caused by deficiency of Shn-2 underlies at least some behavioral abnormalities related to schizophrenia.

The well-established role of inflammation in the etiology of schizophrenia is often referred to as the inflammation hypothesis ([@bib20]; Patterson, 2009; [@bib37]; [@bib38]). The link between prenatal infection and schizophrenia was first identified in an epidemiological study demonstrating increased schizophrenia risk in the offspring of women exposed to influenza during pregnancy ([@bib37]). Several other infectious factors have also been implicated in the pathogenesis of schizophrenia ([@bib37]), suggesting that the disease may result from maternal immune response to infection. To this end, prenatal Poly I:C treatment, viral infection, and LPS treatment are used as rodent models of schizophrenia (Patterson, 2009; [@bib38]). To the best of our knowledge, the Shn-2 KO mouse is the first animal model of schizophrenia with multiple inflammatory-like phenomena arising from a single gene knockout.

In schizophrenia patients, the number of parvalbumin-positive neurons decreases in the cortex ([@bib44]) and hippocampus ([@bib66]), which could cause a deficit in the density of certain GABAergic neuronal subtypes. Inflammatory responses evoked by neonatal LPS treatment were reported to induce a reduction in parvalbumin-expressing neurons in the rat hippocampus ([@bib17]). Overexpression of IL-6 ([@bib16]), which is secreted during type-II immune responses, also reduces the number of parvalbumin-positive neurons ([@bib37]). Similarly, a previous study reported that IL-6 mediates age-related loss of critical parvalbumin-expressing GABAergic interneurons through increased neuronal NADPH oxidase-derived superoxide production ([@bib7]). Consistently, IL-6 was increased in the T cells ([@bib21]) of Shn-2 KO mice.

Attenuation of molecular markers for schizophrenia may also result from inflammation. Ketamine exposure, which has been used as a model of schizophrenia based on NMDA hypofunction, reduces parvalbumin and GAD67 expression through increased NADPH oxidase and p22 phox, suggesting inflammation ([@bib3]). Schizophrenia patients express lower levels of GABAergic neuron-expressed GAD67 in the stratum oriens of CA2/3 ([@bib4]), suggesting the possibility that these deficits lead to neuronal GABA hypofunction. We also observed several potential deficits in key oligodendrocyte markers, including decreases in CNPase and myelin basic protein (MBP). Decreased CNPase protein levels have been reported in schizophrenia ([@bib9]). Similarly, MBP mRNA levels, a major constituent of the myelin sheath of oligodendrocytes and Schwann cells, were decreased in the mPFC of Shn-2 KO mice ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Inflammatory cytokines and autoimmune components are suggested to damage oligodendrocytes ([@bib6]). Thus, CNPase and MBP downregulation suggests a possible inflammation-related abnormality in Shn-2 KO oligodendrocytes, consistent with the so-called 'oligodendrocyte hypothesis\' of schizophrenia.

Adult but not juvenile Shn-2 KO mice display an abnormally thin cortex, which is also observed in schizophrenia patients ([@bib41]). Cortical thickness is reduced by aging ([@bib45]), which in turn is associated with inflammation. Gene expression patterns in the cortex of Shn-2 KO mice significantly overlapped (*P*=1.1 × 10^−17^) with a previous data set comparing whole-brain gene expression patterns in young (8-week-old) and aged (2-year-old) mice. These data suggest that similar mechanisms may underlie the reduction of cortical thickness in aging and Shn-2 KO mice.

In addition to anatomical abnormalities, the Shn-2 KO mouse cortex displays physiological alterations. Upon cortical EEG analysis, mutant mice displayed increases in slow waves and decreases in fast waves, both of which are observed in schizophrenia patients ([@bib12]; [@bib36]; [@bib51]). Computational model study suggested that downregulation of parvalbumin neurons reduced gamma oscillation ([@bib62]), agreeing with our observations of Shn-2 KO mice. Immaturity of DG in Shn-2 KO mice may underlie their abnormal theta rhythm in their cortex, considering the close functional relationship between hippocampus and mPFC as demonstrated by their coordinated activity ([@bib18]).

Induction of Arc transcription after receiving foot shocks in a novel environment was generally reduced in almost all regions of the Shn-2 KO brain. Despite this near-ubiquitous reduction of Arc, we observed comparable Arc expression in the CA1 and CA3 regions of the hippocampus in Shn-2 KO and wild-type mice. The relatively higher Arc expression in these regions suggests that CA areas in Shn-2 KO may be comparatively more active than other brain regions. This idea is consistent with increased glutamate level in the hippocampus of Shn-2 KO mice ([Supplementary Figure 11](#sup1){ref-type="supplementary-material"}). In stark contrast to control mice, virtually no Arc induction was observed in the Shn-2 KO mouse DG, which displays significant immaturity. The gene expression pattern associated with iDG-like phenomena has been observed in fluoxetine-treated ([@bib24]) and *α*-CaMKII^+/−^ mice, whose DG also shows dramatically reduced expressions of immediately early genes, such as c-Fos and/or Arc ([@bib24]; [@bib64]; [@bib31]). Although such an extreme phenotype may not be common in schizophrenic patients, this finding is particularly interesting for several reasons. Reduced expression of Arc mRNA in the PFC ([@bib32]) and DG ([@bib59]) of postmortem schizophrenia brains has been reported. A recent *de novo* copy-number variation (CNV) analysis suggests that Arc protein complexes play a role in the pathogenesis of schizophrenia ([@bib23]). Specifically, *de novo* CNVs found in schizophrenic patients are significantly enriched in the postsynaptic density (PSD) proteome; these include Arc protein complexes. It was recently shown that, upon synaptic activation, Arc is translocated to neighboring inactive synapses. This may potentially increase the signal-to-noise ratio at plastic synapses ([@bib39]). Loss or dysfunction of the Arc complex may impair the synaptic input into neurons and subsequently cause cognitive deficits in both schizophrenic patients and animal models of the disease. Interestingly, DG granule cells of mice treated with chronic fluoxetine produced repeated spikes but generated little immediate-early gene expression ([@bib24]). Thus, altered signal transmission likely reduces Arc induction.

An increasing number of schizophrenia mouse models show impairment in hippocampus-dependent tasks. Mouse mutants of disrupted-in-schizophrenia 1 (DISC1) ([@bib29]) and dysbindin-1 ([@bib57]), which are widely accepted models of schizophrenia, show deficits in spatial working memory, which is a DG-dependent function. DISC1 is highly expressed in the DG during adulthood ([@bib33]), and mice lacking a C-terminal portion of DISC1 show morphological abnormalities in the DG and spatial working memory deficits ([@bib29]). Dysbindin-1 is expressed at high levels in the DG and MF. In schizophrenia patients, the reduction of dysbindin-1 is relatively restricted to the DG and MF terminal field ([@bib58]). Sdy mutant mice lacking the dysbindin-1 gene show working memory impairment ([@bib57]) and reduced frequency facilitation in hippocampal MF-CA3 synapse ([@bib25]). *α*-CaMKII^+/−^ mice display severe working memory deficits and have well-defined features of iDG ([@bib31]; [@bib64]). We recently reported that calretinin, an immature-neuronal marker, is significantly upregulated in the DG of postmortem brains in human schizophrenia/bipolar patients ([@bib63]). Thus, the iDG phenotype may represent an additional 'endophenotype\' that is shared by human schizophrenic patients and some schizophrenia mouse models. Since iDG neurons can produce spikes with lower current injection compared with mature neurons, the hippocampus harboring iDG may have a lower activation threshold. In the Shn-2 KO mouse brain, hippocampal hyperactivation was suggested by the fact that Arc induction in CA1 and CA3 was comparable to wild-type levels, while other regions exhibited an overall reduction. These observations suggest that the Shn-2 KO mouse hippocampus may be activated to a higher degree than that of controls. There was a marked reduction in strong frequency facilitation at the MF-CA3 synapse, a form of short-term plasticity, in Shn-2 KO mice. In agreement with this, the number of synapses per MF terminal was lower in postmortem schizophrenia brain tissue than in healthy control tissue ([@bib60]). Reduced frequency facilitation was also reported in DISC1 mutant mice ([@bib28]). These studies and our results collectively suggest that schizophrenia patients and some animal models of the disease may have hippocampal abnormalities, including iDG phenotype.

Pre-weaned animals showed no significant differences in calbindin ([Supplementary Figure 9a and b](#sup1){ref-type="supplementary-material"}), calretinin ([Supplementary Figure 9e and f](#sup1){ref-type="supplementary-material"}), p22 phox ([Supplementary Figure 9i and j](#sup1){ref-type="supplementary-material"}), or GFAP ([Supplementary Figure 9m and n](#sup1){ref-type="supplementary-material"}) expression between genotypes. The expression of p22 phox in older (1-month-old) mutant animals was increased ([Supplementary Figure 9k and l](#sup1){ref-type="supplementary-material"}) whereas that of GFAP was not significantly different ([Supplementary Figure 9o and p](#sup1){ref-type="supplementary-material"}). Calbindin expression was decreased ([Supplementary Figure 9c and d](#sup1){ref-type="supplementary-material"}), and calretinin was increased ([Supplementary Figure 9g and h](#sup1){ref-type="supplementary-material"}) in the DG of 1-month-old Shn-2 KO mice compared to that of wild-type mice, indicating an iDG phenotype. These observation suggest that neither astrocyte activation, increase of reactive oxygen species production, nor 'iDG\' phenotype are present in the brain of Shn-2 KO mice before weaning, and that these phenotypes emerged during postnatal development, which is consistent with the fact that most cases of schizophrenia appear in late adolescence or early adulthood.

Together, our results demonstrate that Shn-2 deficiency caused atypical inflammation and associated hippocampal and cortical abnormalities, imbalance of GABA-glutamate, and abnormal myelination. These alterations, as a whole, may bring about behavioral abnormalities related to schizophrenia in Shn-2-deficient mice. Thus, the Shn-2 KO mouse displays good face and concept validity, and may be useful in elucidating the pathogenesis and pathophysiology of schizophrenia.
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![Schizophrenia-related behavioral abnormalities in Shn-2 KO mice. (a, b) In the spatial working memory version of the eight-arm radial maze, Shn-2 KO mice performed significantly worse with respect to the number of different arm choices in the first eight entries (genotype effect: F~1,24~=62.104, *P*\<0.0001) and made significantly more revisiting errors than controls (genotype effect: F~1,24~=45.597, *P*\<0.0001; genotype × trial block interaction: F~12,228~=1.470, *P*=0.1345). (c) Mutant mice also showed poor working memory performance in the T-maze forced-alternation task (genotype effect: F~1,21~=20.497, *P*=0.0002; genotype × session interaction: F~7,147~=3.273, *P*=0.0029). (d) With increased delay, Shn-2 KO mice exhibited a lower correct percentage than controls (delay=3, 10, 30, and 60 s; *P*=0.0010, *P*=0.0047, *P*=0.0083, and *P*=0.0026, respectively). (e) Shn-2 KO and wild-type mice were comparable in the left--right discrimination task (genotype effect: F~1,19~=0.209, *P*=0.6529) and reversal learning (genotype effect: F~1,19~=5.917, *P*=0.0251). (f) The amplitude of the acoustic startle response was not significantly different between genotypes (Shn-2^+/+^, +Veh *vs* Shn-2^−/−^, Veh, F~1,73~=1.371, *P*=0.2454). (g) PPI of the acoustic startle response was impaired in Shn-2 KO mice (Shn-2^+/+^, Veh *vs* Shn-2^−/−^, Veh, 110 dB startle, *P*=0.0027; 120 dB startle, *P*=0.0003). Administration of haloperidol improved the PPI of Shn-2^−/−^ mice (Shn-2^−/−^, Veh *vs* Shn-2^−/−^,1 mg/kg Hal, 110 dB, *P*=0.0145; 120 dB, *P*=0.0059; Shn-2^−/−^, Veh *vs* Shn-2^−/−^, 3 mg/kg Hal, 120 dB, *P*=0.0044). *Post hoc* Bonferroni\'s test after two-way repeated-measures ANOVA (level of significance was set at *P*\<0.0167). (h) Shn-2 KO mice display a lower level of social approach in the sociability test. (i) Shn-2 KO mice did not show social novelty preference. (j) Shn-2 KO mice displayed decreased social interaction in a novel environment (total contact duration: F~1,14~=11.569, *P*=0.0043). (k) Administration of clozapine (1 mg/kg, i.p.) reversed hyperactivity in mutant mice (genotype effect: *P*=0.0012, drug effect: *P*=0.0003, genotype × drug interaction: *P*=0.0574, Shn-2^−/−^, Clz. *vs* Shn-2^+/+^, Veh., *P*=0.4221). (l) Administration of haloperidol (0.3 mg/kg, i.p.) also reduced hyperactivity in Shn-2 KO mice (genotype effect: *P*\<0.0001, drug effect: *P*\<0.0001, genotype × drug interaction: *P*=0.0275, Shn-2^−/−^, Hal. *vs* Shn-2^+/+^, Veh., *P*=0.8957). (m, n) Nest building was impaired in Shn-2 KO mice (*P*\<0.0001). Veh, Vehicle; Clz, Clozapine; Hal, Haloperidol.](npp201338f1){#fig1}

![Comparison of gene expression profiles between Shn-2 KO mice and individuals with schizophrenia. (a) Venn diagram of genes differentially expressed in the medial prefrontal cortex (mPFC) of Shn-2 KO mice and Brodmann area (BA) 10 of postmortem schizophrenia brain (Schizo.). (b) *P*-values of overlap between Shn-2 KO mouse and schizophrenia data sets. (c) Scatter plot of gene expression fold change values in Shn-2 KO mice and schizophrenia. (d) Genes differentially expressed in both Shn-2 KO mice and schizophrenia. Red indicates gene upregulation and blue indicates downregulation in both Shn-2 KO mice and schizophrenia. The top 40 genes are included.](npp201338f2){#fig2}

![Schizophrenia-related alterations in the Shn-2 KO mouse brain. (a--d) The number of parvalbumin-positive cells is decreased in mPFC (*P*=0.0088) (a, b) and CA1 (*P*=0.0029) (c, d) of Shn-2 KO mice. (e, f) The expression of GAD67 in MFs of the hippocampus decreased in mutants (*P*=0.011). (g, h) Reduced CNPase expression in the DG of Shn-2 KO mice compared with controls (molecular layer, *P*\<0.0001; hilus, *P*\<0.0001). (i, j) DG cell number was evaluated by staining cell nuclei with Hoechst dye. Cell-packing density was higher in Shn-2 KO mice (*P*=0.0061) (j). GAD67, glutamic acid decarboxylase 67; CNPase, 2′,3-cyclic nucleotide 3′-phosphodiesterase; ML, molecular layer. Scale bars indicate 200 μm (a, c, g), 500 μm (e), 20 μm (i).](npp201338f3){#fig3}

![Reduced Arc induction in Shn-2 KO mice was observed after foot shocks in a novel environment. (a--c) Shn-2 KO mice were mated with transgenic mice expressing dVenus under the Arc promoter. Representative images of both genotypes are shown. (d) In Shn-2 KO mice, Arc-dVenus expression was greatly reduced in the DG and other regions of cortex and amygdala. Arc, activity-regulated cytoskeleton-associated protein. Scale bars indicate 1 mm (a), 250 μm (b), and 100 μm (c). MO, medial orbital cortex; FA, frontal association cortex; PL, prelimbic cortex; M1, primary motor cortex; CG, cingulate cortex; S1, somatosensory cortex; CA, central amygdaloid nucleus; LA, lateral amygdaloid nucleus.](npp201338f4){#fig4}

![Abnormalities in the cortex of Shn-2 KO mice. (a, b) The cortex of Shn-2 KO mice was thinner than that of wild-type mice. Cortical cell density was also reduced in the prelimbic cortex (PrL) and primary visual cortex (V1) in Shn-2 KO mice (c). (d) Theta band power increased and gamma power decreased in Shn-2 KO mice. (e) A mouse with the Neurologger, a head-mounted EEG data logger device. M1, primary motor cortex; S1, primary somatosensory cortex. Scale bar indicates 1 mm (a).](npp201338f5){#fig5}

![Dentate granule cells fail to mature in Shn-2 KO mice. (a) The hippocampal transcriptome pattern of Shn-2 KO mice was similar to that of *α*-CaMKII^+/−^ mice, which also demonstrated maturation failure in the DG. Genes showing differential expression between genotypes at *P*\<0.005 in both experiments were plotted. (b) Normalized gene expression of differentially expressed genes in Shn-2 KO and *α*-CaMKII^+/−^ mice. The top 10 genes are indicated in the graphs. (c) The number of cells expressing the mature neuronal marker calbindin was decreased in Shn-2 KO mice. (d) The expression of the immature-neuronal marker calretinin was markedly increased. (e--k) Physiological properties of granule cells in the DG of Shn-2 KO mice and controls. Physiological features of DG neurons in the mutants were strikingly similar to those of immature DG neurons in normal rodents. Cell capacitance was small in the granule cells of Shn-2 KO mice (e, *P*\<0.0001), whereas input resistance was high (f, *P*=0.0007), and the threshold current to induce spikes was low (g, *P*\<0.0001). In the current injection (320 pA) experiments, the latency-to-burst spike was shorter (h, *P*\<0.0001) and the number of spikes was lower (i, *P*=0.0004) compared with that in wild-type mice. (j) The efficacy of basal transmission at the MF synapse was increased in mutant mice (*P*\<0.0001). The ratio of the peak EPSP amplitude to fiber volley amplitude is shown. (k) Shn-2 KO mice display greatly reduced frequency facilitation at 1 Hz (k, genotype effect: *P*\<0.0001 at steady level). Scale bars indicate 500 μm (a), 250 μm (d).](npp201338f6){#fig6}

![Inflammatory-like phenomena in the hippocampus of Shn-2 KO mice. (a--d) The hippocampal transcriptome pattern of Shn-2 KO mice was similar to the transcriptome data from LPS treatment (a), injury (b), prion infection (c), and aging (d). The Gene Expression Omnibus (GEO) accession numbers for the transcriptome data used for the graphs are GSE23182 (a, c), GSE5296 (b), and GSE13799 (d). Genes that showed differential expression between conditions at *P*\<0.005 in Shn-2 KO mice and *P*\<0.025 in LPS treatment were plotted in (a). Genes that showed differential expression between conditions at *P*\<0.005 in both transcriptome data sets are plotted in (b--d). (e, f) The expression of p22 phox, a component of NADH/NADPH oxidase, was increased in the DG (ML, *P*=0.027; GCL, *P*=0.048; HI, *P*=0.039) and CA1 (Or, *P*=0.011; Py, *P*=0.019) of Shn-2 KO mice. (g, h) The expression of vimentin in the DG of mutants was higher than that of the controls. (i--k) The expression of GFAP was increased in the DG of Shn-2 KO mice. Although the area of GFAP-positive cells increased (j), the number of GFAP-positive cells remained unchanged (k, l), which was confirmed by Hoechest nuclear counterstaining. Or, oriens layer; Py, pyramidal cell layer; Rad, stratum radiatum; ML, molecular layer; GCL, granule cell layer; HI, hilus. Scale bars indicate 500 μm (e), 100 μm (g), and 200 μm (i).](npp201338f7){#fig7}

![Anti-inflammatory treatment rescued neuronal and behavioral phenotypes of Shn-2 KO mice. Mice were chronically treated with rolipram (Rpm, 4 mg/kg) and ibuprofen (Ib, 400 p.p.m.) for 3 weeks. The treatment significantly decreased GFAP immunoreactivity in the DG of Shn-2 KO mice (a, genotype effect: *P*\<0.0001; genotype × drug interaction: *P*=0.014; Shn-2^−/−^, Veh *vs* Shn-2^−/−^, Rpm+Ib, *P*=0.0323). There was a tendency of decrease in GFAP expression in the mutant CA1 (b, genotype effect: *P*\<0.0001; genotype × drug interaction: *P*=0.053; Shn-2^−/−^, Veh *vs* Shn-2^−/−^, Rpm+Ib, *P*=0.051). The treatment did not reverse GFAP expression in the PFC of Shn-2 KO mice (c, genotype effect: *P*=0.0717; genotype × drug interaction: *P*=0.3662). The reductions of parvalbumin in CA1 (d, genotype effect: *P*\<0.0001) or PFC (e, genotype effect: *P*=0.0002) were not rescued by the treatment. Increased expression of doublecortin (f, genotype effect: *P*=0.0014; genotype × drug interaction: *P*=0.0014; Shn-2^−/−^, Veh *vs* Shn-2^−/−^, Rpm+Ib, *P*=0.0109) and calretinin (g, genotype effect: *P*\<0.0001; genotype × drug interaction: *P*=0.0019; Shn-2^−/−^, Veh *vs* Shn-2^−/−^, Rpm+Ib, *P*=0.0028) in the DG of Shn-2 KO mice were attenuated by the treatment, while decreased expressions of calbindin (h, genotype effect: *P*\<0.0001) or GAD67 (i, genotype effect: *P*\<0.0001) in the mutant DG were not rescued by the treatment. Working memory (j, genotype effect: *P*\<0.0001; genotype × drug interaction: *P*=0.0504; Shn-2^−/−^, Veh *vs* Shn-2^−/−^, Rpm+Ib, *P*=0.0042) and nest-building behavior (k, genotype effect: *P*\<0.0001; genotype × drug interaction: *P*=0.1542; Shn-2^−/−^, Veh *vs* Shn-2^−/−^, Rpm+Ib, *P*=0.0407) were significantly improved by the anti-inflammatory treatment in Shn-2 KO mice. On the other hand, hyperlocomotor activity (l), impaired PPI (m), or anhedonia in the sucrose preference test (n, genotype effect: *P*=0.006) were not improved. *n*=5--10 per group. Rpm, rolipram; Ib, ibuprofen; ns, not significant; \**P*\<0.05, \*\**P*\<0.01.](npp201338f8){#fig8}
